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Edited by Maurice MontalAbstract Epithelial calcium (re)absorption is mediated by
TRPV5 and TRPV6 channels. TRPV5 is modulated by the
SGK1 kinase, a process requiring the PDZ-domain containing
scaﬀold protein NHERF2. The present study explored whether
TRPV6 is similarly regulated by SGKs and the scaﬀold proteins
NHERF1/2. In Xenopus oocytes, SGKs activate TRPV6 by
increasing its plasma membrane abundance. Deletion of the
putative PDZ binding motif on TRPV6 did not abolish channel
activation by SGKs. Furthermore, coexpression of neither
NHERF1 nor NHERF2 aﬀected TRPV6 or potentiated the
SGKs stimulating eﬀect. The present observations disclose a
novel TRPV6 regulatory mechanism which presumably partici-
pates in calcium homeostasis.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Calcium balance depends on the tight control of the epithe-
lial calcium channels TRPV5 and TRPV6 in kidney and intes-
tine, respectively [1,2]. The channels mediate entry of calcium
at the apical membrane which is then bound to calbindin
and facilitatively diﬀuses to the basolateral side where it is ex-
truded by the sodium calcium exchanger (NCX1) and the cal-
cium ATPase [3]. Calcium entry via TRPV5/6 at the apical side
is the rate limiting step for transepithelial calcium transport
and is tightly regulated by hormones [2]. TRPV5 and TRPV6
share a variety of physiological, biophysical and molecular
characteristics including constitutive activation at physiologi-
cal membrane potentials and a strong inward rectiﬁcation
[4–6]. Both channels are highly selective for calcium over so-
dium compared to other TRPV isoforms and present 75%
homology [6]. TRPV5 and TRPV6 are regulated by estrogen
[7,8], androgens [9], PTH [7], and 1,25(OH)2D3 [10]. It was re-
cently shown that TRPV5 is under the control of the serum
and glucocorticoid-inducible kinase SGK1, a kinase transcrip-
tionally upregulated by 1,25(OH)2D3, leading to an increase of*Corresponding author. Fax: +49 7071 295618.
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doi:10.1016/j.febslet.2007.11.006TRPV5 currents that results from elevated cell surface expres-
sion of the channel [11]. The eﬀect of SGK1 is shared by the
isoform SGK3 but not by the isoform SGK2 (11). The stimu-
lating eﬀect of SGK1 and SGK3 on TRPV5 critically depends
on the presence of the PDZ-domain containing scaﬀold protein
NHERF2 that binds to the PDZ binding motif on the carboxy
terminal tail of the channel [12].
Since TRPV5 and TRPV6 share functional characteristics
and hormonal regulation, this study aimed to clarify the role
of SGK1 and SGK3 in the modulation of the epithelial cal-
cium channel TRPV6. The TRPV6 sequence contains a PDZ
binding motif on its carboxy terminus which may be recog-
nized by the NHERF scaﬀold proteins NHERF1 and
NHERF2 thereby modulating channel activity and expression.
Thus, the additional studies have been performed to elucidate
the potential involvement of the scaﬀold proteins NHERF1
and NHERF2 in SGK dependent TRPV6 regulation.2. Materials and methods
2.1. Expression in Xenopus laevis oocytes
cRNA encoding mouse wild-type and HA-tagged TRPV6, TRPV6
lacking the C-terminal PDZ binding motif (TRPV6DC3), human
NHERF1 and NHERF2, human constitutively active S422DSGK1
and S419DSGK3 have been synthesized as described [13]. Oocytes were
injected with 25 ng TRPV6, 7.5 ng S422DSGK1 or S419DSGK3 and/or
7.5 ng NHERF1 or NHERF2 cRNA or H2O for controls. All experi-
ments were performed at room temperature 4–5 days after injection of
the respective cRNAs.
2.2. Site-directed mutagenesis
The TRPV6 mutant lacking the C-terminal PDZ binding motif
(TRPV6DC3) was generated by site-directed mutagenesis (Quik-
Change site-directed mutagenesis kit, Stratagene, Heidelberg, Ger-
many) according to the manufacturer’s instructions. The following
primers were used: TRPV6DC3, s: 5 0 GGGGAGGGCTGGGAGT-
GAATGTTGGCTCTC 3 0; TRPV6DC3, as: 5 0 GAGAGCCAACAT-
TCACTCCCAGCCCTCCCC 3 0. The hemagglutinin (HA)-tagged
TRPV6 was generated by two-stage PCR site-directed mutagenesis
using the primers: TRPV6-HA, s: 5 0 GAAGCTCCTTCAGGAGTAC-
GACGTACCAGATTACGCTGCCTATGTGACCCC 3 0; TRPV6-
HA, as: 5 0 GGGGTCACATAGGCAGCGTAATCTGGTACGTCG-
TACTCCTGAAGGAGCTTC 3 0. All mutants were sequenced to
verify the presence of the desired mutation.
2.3. Electrophysiology
In two-electrode voltage-clamp experiments currents were recorded
during a 5 s linear voltage ramp from 150 mV to +50 mV. The inter-
mediate holding potential between the voltage ramps was 50 mV.
Data were ﬁltered at 1 kHz and recorded with MacLab digital to ana-
log converter and software for data acquisition and analysis (ADIn-
struments, Castle Hill, Australia). The bath solution containedblished by Elsevier B.V. All rights reserved.
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pH 7.4. Oocytes were kept in modiﬁed Barth’s solution containing
88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.8 mM MgSO4,
0.3 mM Ca(NO3)2, 0.4 mM CaCl2 and 5 mM HEPES, pH 7.4, supple-
mented with 25 lg/ml gentamycin. The ﬁnal solutions were titrated to
the pH indicated using HCl or NaOH. The ﬂow rate of the superfusion
was 20 ml/min and a complete exchange of the bath solution was
reached within about 10 s. Calcium inﬂux via TRPV6 elevates intracel-
lular calcium concentration leading to a secondary activation of a cal-
cium-sensitive chloride conductance. The calcium induced current
ICl(Ca) was taken as a measure for TRPV6 activity in these experiments.
2.4. Western blotting
The expression of wild-type NHERF1 and NHERF2 was analyzed
by Western blotting. Brieﬂy, oocytes were homogenized in lysis buﬀer
containing 50 mM Tris (pH 7.5), 0.5 mM EDTA (pH 8.0), 0.5 mM
EGTA, 100 mM NaCl, 1% Triton X-100, 100 lM sodium orthovana-
date and protease inhibitor cocktail (Roche, Mannheim, Germany) at
the recommended concentrations. Protein was separated on an 8%
polyacrylamide gel and transferred to nitrocellulose membranes. After
blocking with 5% non-fat dry milk in PBS/0.15% Tween 20 for 1 h at
room temperature, blots were incubated overnight at 4 C with a rab-
bit anti-NHERF1 antibody (Alomone Labs, Jerusalem, Israel, diluted
1:200 in PBS/5% non-fat dry milk) or a rabbit anti-S-tag-HRP anti-
body (Merck, Darmstadt, Germany, diluted 1:5000 in TBS/0.15%
Tween 20) to detect NHERF1 and NHERF2 (S-tagged), respectively.
Secondary peroxidase-conjugated sheep anti-rabbit IgG (diluted
1:2000 in PBS/0.15% Tween 20/5% non-fat dry milk) was used for
chemiluminescent detection of NHERF1 with enhanced chemilumines-
cent ECL kit (Amersham, Freiburg, Germany).
2.5. Detection of cell surface expression by chemiluminescence
Defolliculated oocytes were ﬁrst injected with S422DSGK1 or
S419DSGK3 cRNA (7.5 ng/oocyte) and/or NHERF1 or NHERF2
(7.5 ng/oocyte) and 1 day later with TRPV6 (HA) (25 ng/oocyte) which
contains a HA (hemagglutinin) epitope extracellularly between amino
acid 374 and 375. Oocytes were incubated with 1 lg/ml primary rat
monoclonal anti-HA antibody (clone 3F10, Boehringer, Germany),
and 2 lg/ml secondary, peroxidase-conjugated aﬃnity-puriﬁed
F(ab 0)2 goat anti-rat IgG antibody (Jackson ImmunoResearch, West
Grove, USA). Individual oocytes were placed in 20 ll of SuperSignal
ELISA Femto Maximum Sensitivity Substrate (Pierce, Rockford,
USA), and chemiluminescence was quantiﬁed in a luminometer by
integrating the signal over a period of 1 s. Results are given in relative
light units (RLU).
2.6. Statistics
Data are provided as means ± S.E.M., n represents the number of
oocytes investigated. All data were tested for signiﬁcance by ANOVA,
and only results with P < 0.05 were considered statistically signiﬁcant.Fig. 1. The epithelial calcium channel TRPV6 is activated by the
serum and glucocorticoid-inducible kinases S422DSGK1 and
S419DSGK3. S422DSGK1 and S419zDSGK3 signiﬁcantly increase ICl(Ca).
(A) Original two-electrode voltage-clamp recordings from H2O
injected control oocytes (named as ‘‘non-injected’’) and oocytes
injected with TRPV6 with or without S422DSGK1 and S419DSGK3.
(B) Arithmetic means ± S.E. of hyperpolarization induced peak
currents. *Indicates statistically signiﬁcant diﬀerence (P < 0.05) to
oocytes injected with TRPV6 alone.3. Results
In TRPV6-expressing oocytes, Ca2+ entry through TRPV6
triggered a hyperpolarization-activated inward current by acti-
vation of Ca2+ sensitive Cl channels (ICl(Ca)) (Fig. 1A). Addi-
tional coinjection of constitutively active serum and
glucocorticoid-inducible kinase S422DSGK1 signiﬁcantly in-
creased this current (162.6 ± 7.9% of control, n = 220) com-
pared to oocytes injected with TRPV6 alone (100.0 ± 3.4% of
control, n = 204). Similarly, constitutively active S419DSGK3
increased TRPV6 channel activity to 275.0 ± 26.7% of control,
n = 198 (Fig. 1B).
In parallel to the increase of TRPV6 current SGK1 and
SGK3 enhanced the abundance of the channel protein at the
cell surface, which was quantiﬁed by chemiluminescence assay
with a hemagglutinin-tagged TRPV6 (HA) construct. As de-
picted in Fig. 2A, expression of TRPV6 (HA) at the plasma
membrane was increased by coexpression of S422DSGK1(181.7 ± 38.2%, n = 12) and of S419DSGK3 (241.5 ± 7.1%,
n = 11). The functional integrity of the TRPV6 (HA) construct
was evaluated in parallel by electrophysiology. As shown in
Fig. 2B, currents evoked by TRPV6 (HA) were similarly stim-
ulated by S422DSGK1 (159.6 ± 16.4%, n = 22) and S419DSGK3
(316.1 ± 73.2%, n = 20).
Previous experiments demonstrated that PDZ mediated
binding of the scaﬀold protein NHERF2 to TRPV5 was re-
quired for the regulation of channel activity by S422DSGK1
and S419DSGK3 [11]. To explore, whether binding to NHERF2
is similarly important for the regulation of TRPV6, the
TRPV6 mutant TRPV6 (DC3) was generated that lacks the
last three amino acids at the carboxy terminus constituting a
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wild-type TRPV6 channel, TRPV6 (DC3) was activated
upon S422DSGK1 (159.0 ± 9.03%, n = 32) and S419DSGK3
(385.8 ± 56.5%, n = 29) coexpression and did not show any
sensitivity to NHERF1 (94.1 ± 7.4%, n = 32) or NHERF2
(103.9 ± 8.8%, n = 29) (Fig. 3).
Moreover, TRPV6 was coexpressed with SGK1 and SGK3
with and without additional coexpression of NHERF1. Again,
no signiﬁcant eﬀect of NHERF1 (81.9 ± 7.7%, n = 76) could be
observed on TRPV6 activity. Furthermore, the observed
TRPV6 stimulation by S422DSGK1 (135.9 ± 10.6%, n = 57) orFig. 3. Deletion of the C-terminal PDZ binding motif on TRPV6 does
not prevent channel activation by S422DSGK1 and S419DSGK3.
Arithmetic means ± S.E. of hyperpolarization induced peak currents.
* Indicates statistically signiﬁcant diﬀerence (P < 0.05) to oocytes
injected with TRPV6 alone. ‘‘Control’’ oocytes stands for Xenopus
oocytes injected with water.
Fig. 2. S422DSGK1 and S419DSGK3 enhance TRPV6 protein abun-
dance at the cell surface. (A) Arithmetic means ± S.E. of protein
abundance as reﬂected by chemiluminescence of TRPV6 (HA).
* Indicates statistically signiﬁcant diﬀerence (P < 0.05) to relative light
units (RLU) of oocytes injected with TRPV6 (HA) alone. ‘‘Non-
injected’’ oocytes stands for Xenopus oocytes injected with water. (B)
Insertion of a hemagglutinin tag into the TRPV6 sequence does not
aﬀect function or upregulation of the transporter by S422DSGK1 and
S419DSGK3. Arithmetic means ± S.E. of hyperpolarization induced
peak currents. * Indicates statistically signiﬁcant diﬀerence (P < 0.05)
to oocytes injected with TRPV6 alone.S419DSGK3 (240.7 ± 27.6%, n = 54) was not augmented by
additional coexpression of NHERF1 together with the protein
kinases (120.8 ± 14.9%, n = 51 and 209.5 ± 22.05%, n = 57,
respectively, Fig. 4A). Western blotting of oocytes injected
with NHERF1 demonstrated proper expression of NHERF1
in the oocyte system (Fig. 4B).
Similarly, coexpression of NHERF2 in oocytes injected with
TRPV6 remained without signiﬁcant eﬀect on ICl(Ca)
(101.6 ± 2.6%, n = 150). Similar to NHERF1, NHERF2 failed
to promote the stimulating eﬀect of S422DSGK1 (151.1 ± 8.2%,
n = 152) or S419DSGK3 (241.8 ± 32.3%, n = 141) (190.1 ±
12.1%, n = 135 and 298.1 ± 21.5%, n = 138, respectively,
Fig. 5A) despite proper expression of NHERF2 as determined
by Western blotting (Fig. 5B).
To explore the speciﬁcity of the observed eﬀects on the
TRPV6 channel, its capsaicin-sensitive isoform TRPV1 was
tested as target for the SGK protein kinases and NHERF1
or NHERF2. In TRPV1-expressing oocytes, administration
of capsaicin (100 nM) triggered a calcium-sensitive current
that was not signiﬁcantly diﬀerent between oocytes express-
ing TRPV1 alone (100.00 ± 6.0%, n = 147) and cells coinject-
ed with S422DSGK1 (87.1 ± 6.47%, n = 142) or S419DSGK3
(62.9 ± 22.1%, n = 98, Fig. 6A). Coexpression of neither
NHERF1 nor NHERF2 aﬀected TRPV1 activity (95.2 ±
10.1%, n = 49 and 108.6 ± 14.0%, n = 75, respectively,
Fig. 6B).4. Discussion
The present study clearly demonstrates that the epithelial
calcium channel TRPV6 is regulated by SGK1 and SGK3.
Fig. 4. The scaﬀold protein NHERF1 does not aﬀect TRPV6 currents
and does not potentiate the stimulation of TRPV6 by the S422 DSGK1
and S419DSGK3 protein kinases. (A) Arithmetic means ± S.E. of
hyperpolarization induced peak currents. *Indicates statistically sig-
niﬁcant diﬀerence (P < 0.05) to oocytes injected with TRPV6 alone. (B)
NHERF1 expression as assessed by Western blotting of whole cell
lysates. ‘‘Non-injected’’ oocytes stands for Xenopus oocytes injected
with water.
Fig. 5. The scaﬀold protein NHERF2 does not aﬀect TRPV6 currents
and does not potentiate the stimulation of TRPV6 by the S422 DSGK1
and S419DSGK3 protein kinases. (A) Arithmetic means ± S.E. of
hyperpolarization induced peak currents. *Indicates statistically sig-
niﬁcant diﬀerence (P < 0.05) to oocytes injected with TRPV6 alone. (B)
NHERF2 expression as assessed by Western blotting of whole cell
lysates. ‘‘Non-injected’’ oocytes stands for Xenopus oocytes injected
with water.
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NHERF1 and NHERF2. This novel mechanism of TRPV6
regulation might be involved in the physiological control of
epithelia Ca2+ transport particularly in intestine and may thus
participate in calcium homeostasis.
The increase of TRPV6 activity is apparent from the activa-
tion of the Ca2+ sensitive Cl channel secondary to TRPV6
mediated Ca2+ entry. Previous studies demonstrated that the
intrinsic NPPB sensitive chloride channel is not aﬀected by
the SGK protein kinases or the scaﬀold proteins NHERF1
or NHERF2 [11,12]. Moreover, tracer uptake studies with
45Ca2+ showed the stimulation of calcium entry following
coexpression of SGK1 more directly [11]. Those previous
studies ruled out that SGK inﬂuences the calcium-sensitive
chloride conductances directly.
The eﬀects of the SGK isoform on TRPV5 and TRPV6 are
not shared by the closely related capsaicin sensitive TRPV1
calcium channel. This channel, which belongs to the same sub-
family, is not aﬀected neither by coexpression of the respective
SGK isoforms nor by the scaﬀold proteins NHERF1 or
NHERF2. TRPV1 protein does not contain any known PDZ
binding motif within its sequence.Similar to the reported modulation of TRPV5 by SGK, acti-
vation of TRPV6 results from an increased abundance of the
channel at the plasma membrane. In contrast to TRPV5,
TRPV6 channel upregulation by SGK occurs independently
of the presence of the scaﬀold proteins as demonstrated by
coexpression studies of NHERF1/2 with wild-type TRPV6.
Xenopus oocytes contain intrinsic NHERF1 (GenBank acces-
sion number AY224590) and NHERF2 (GenBank accession
number AY224591). Thus, SGK1/3 might activate the channel
through the endogenous scaﬀold proteins. However, the fact
that the activity of the TRPV6 (DC3) mutant lacking the C-ter-
minal PDZ binding motif is enhanced upon SGK coexpression
rules out this possibility. Pull-down and overlay assays demon-
strated that NHERF2 associates with TRPV5 but not with the
TRPV6 isoform [12], results paralleling our observations on
TRPV6 function. The diﬀerent NHERF2 sensitivity of TRPV5
and TRPV6 might allow SGK1/3 to modulate TRPV5 and
TRPV6 separately. SGK1/3 require NHERF2 to modulate
TRPV5 but the kinases activate TRPV6 irrespective of the
scaﬀold protein. Thus, an increase in SGK1 protein may be
suﬃcient to enhance TRPV6 function, whilst stimulation of
Fig. 6. The SGK protein kinases or the scaﬀold proteins NHERF1/2
do not signiﬁcantly modulate the activity of theTRP isoform TRPV1.
Arithmetic means ± S.E. of capsaicin (100 nM) induced inward
currents. ‘‘Non-injected’’ oocytes stands for Xenopus oocytes injected
with water.
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action with NHERF2. This mechanism of speciﬁc TRPV5/6
channel regulation is reminiscent to the selective regulation
of the epithelial sodium channel ENaC and the renal outer
medullary potassium channel (ROMK) by the SGK kinases.
Whereas SGK1 aﬀects the sodium channel ENaC through
the ubiquitin ligase Nedd4-2 [14], the kinase requires NHERF2
to regulate the potassium channel ROMK1 [15]. The require-
ment of diﬀerent regulatory proteins to modulate ENaC and
ROMK by SGK permits accurate regulation of renal salt reab-
sorption. Similarly, the diﬀerent mechanisms of regulation of
TRPV5 and TRPV6 by SGK kinases may allow ﬁne tuning
of calcium (re)absorption by the kinases.
In conclusion, the epithelial calcium channel TRPV6 is un-
der the tight control of the serine/threonine protein kinase iso-
forms SGK1 and SGK3. Both proteins increase TRPV6
function and plasma membrane abundance independently of
the presence of the scaﬀold proteins NHERF1 and NHERF2.This novel mechanism of TRPV6 regulation might be physio-
logically relevant in the control of epithelial Ca2+ transport
and thus calcium homeostasis.
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